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Introduction
For cation transport studies of human RBCs, it has been known for some decades that, following inhibition of mediated transport systems with selective inhibitors, the residual unidirectional Na + and K + fluxes (influxes and effluxes) as well as net salt efflux of human RBCs are significantly enhanced in low ionic strength (LIS) media when the extracellular NaCl is replaced by sucrose [1] . This behaviour is known as the LIS effect in the literature and has been attributed to a variety of different mechanisms [2] [3] [4] [5] [6] [7] . In our previous investigations we were able to demonstrate that the LIS effect can be easily ascribed to a K + (Na + )/H + exchanger. This explanation is based on findings that the residual K + transport does not depend on the transmembrane potential [8] [9] [10] , theoretical calculations [11] , and a demonstration of a 1 : 1 exchange of K + and H + under LIS conditions [12] . In addition, the non-selective, voltagedependent cation (NSVDC) channel has to be taken into consideration [13] [14] [15] . Donlon and Rothstein [6] decreased the extracellular ionic strength to a very low level and described the increase of the net K + loss as a triphasic response (curve with two inflection points). Starting at physiological ionic strength and reducing it, the K + (Na + )/H + exchanger is exclusively of importance to make a substantial contribution to the increase of the K + loss, at lower ionic strengths the NSVDC channel is additionally of importance, and at very low ionic strengths it seems reasonable to propose the start of an electrical break-down of the membrane [16] .
However, in all investigations of the LIS effect, it was not clear to what extent the transmembrane potential was changed after the RBCs have been transferred to LIS solutions. Of course one could estimate the value by simply assuming a Nernst equilibrium for chloride but this would be the case only if the permeability coefficient for Cl -(P Cl ) is still much larger (e.g. 100 times) than the permeability coefficients for K + and Na + (P Cat ) in LIS medium. Assuming a change of this situation (e.g. leading to a ten times difference only), the peak transmembrane potential in LIS solution would be much lower (for calculations see [1] ).
Another open question is to find out how fast this peak of the transmembrane potential of RBCs in LIS solution will change and which final new equilibrium value will be reached. For instance, in a series of investigations of the shape of RBCs depending on the transmembrane potential, Glaser [17] assumed that the new potential of the cells in LIS solution is constant for at least one hour (as long as P Cat does not increase in relation to P Cl ). In his model calculations, he called the situation c-state (Cl -equilibrium state). In the present study experiments have been carried out to solve both questions. The general idea of a relatively rapid change of the transmembrane potential of human RBCs in LIS solution after the maximum value is reached is based on earlier reports of our group describing continuous changes of the intracellular pH and significant Cl -loss of RBCs in LIS media [12] . In contrast, it has been found that bovine RBCs do not exhibit the normal LIS effect, i.e. an enhanced K + efflux in sucrose media [18] . In addition, it was shown that the change of the intracellular pH of bovine RBCs in LIS solution after the maximum is reached declines significantly lower compared to human RBCs [16] . Demonstrating the time course of the membrane potential changes is essential for understanding the relative contributions of discrete transporters to transmembrane cation transport in this condition, and will allow the relative importance of the K + (Na + )/H + exchanger (probably the NHE7 isoform), classically associated with intracellular organelles, to be established.
Materials and Methods

Blood and solutions
Human venous blood from healthy donors was obtained from the Institute of Clinical Haematology and Transfusion Medicine of Saarland University Hospital, Homburg (Germany) and Centre Hélio-Marin Perharidy, Roscoff (France). Citrate or EDTA were used as anticoagulants. Bovine blood was obtained from slaughterhouse "abattoir du Faou", Le Faou, France. Freshly drawn blood samples were stored at 4 o C and used within one day.
Blood was centrifuged at 2,000 g for 5 min at room temperature (RT) and the plasma and buffy coat was removed by aspiration. Subsequently, RBCs were washed 2 times in HEPES-buffered physiological solution (HPS) containing (mM): NaCl 145, KCl 7.5, glucose 10, HEPES 10, pH 7.4, under the same conditions. For CCCP measurements, cells are washed 3 times in unbuffered solution containing (mM) 
Measurement of the transmembrane potential using DiBAC 4 (3)
RBCs were loaded with the potential-sensitive fluorescent dye DiBAC 4 (3). The cells were incubated with 250 nM of the dye from a 25 mM stock solution in dimethyl sulfoxide (DMSO) in 1 ml HPS at a haematocrit of 0.2% for 30 min at RT in the dark. The cell suspension was directly used for measurements in HPS. If cells were measured in LIS media, the cell suspension was centrifuged (20 s, 12,000 g). Then the supernatant was replaced by a LIS medium containing 250 nM DiBAC 4 The calibration (for each experiment) was carried out with valinomycin (1 µM, final concentration, dissolved in ethanol). However, a treatment with valinomycin in the presence of different extracellular KCl concentrations (replacement for NaCl) results in negative transmembrane potentials if the extracellular solution contains 134 mM or less KCl (assuming an intracellular KCl concentration of 134 mM [19] ). Maximally, if the extracellular solution contains 150 mM KCl and 0 mM NaCl, a transmembrane potential of +10 mV can be reached (an increasing transmembrane potential results in raising fluorescence intensity). Therefore, we were able to convert the measured fluorescence intensity of DiBAC 4 (3) treated RBCs into a transmembrane potential only under physiological conditions. For low ionic strength conditions the CCCP method was used.
Measurement of the transmembrane potential using the CCCP method
Packed RBCs were injected into either an unbuffered physiological solution (high ionic strength, HIS) (mM): NaCl 145, KCl 7.5, or unbuffered LIS media (mM): sucrose 250 or 200, KCl 7.5. The haematocrit was about 4%, 200 µl of packed cells were added to 4.8 ml of solutions. In all experiments, solutions were supplemented with 20 µM of the protonophore CCCP (final concentration, from a stock solution prepared in DMSO).
The transmembrane potential (V m ) of RBCs was estimated by continuous monitoring of extracellular pH (pH out ) in the presence of CCCP using a conventional pH electrode and calculated using the equation: V m = 61.5 mV × (pH in -pH out ). Due to the high RBC buffer capacity, the intracellular pH (pH in ) remains constant throughout the experiment. It was determined as the pH in the solution after the cells were lysed by addition of 200 µl Triton X-100 (1% v/v) in 2 M NaCl solution. This method has been widely used to determine the transmembrane potential of RBCs under various conditions including LIS solutions [20] [21] [22] [23] .
To prove the validity of the method, experiments were carried out using 4 different concentrations of extracellular KCl. Cells were permeabilized with 1 µM valinomycin, under condition of anionic conductance inhibition using NS1652 (10 µM) [22] . Hyperpolarization was measured and eventually plotted against exact values of extracellular potassium determined by flame photometry.
Reagents
All chemicals used (except DiBAC 4 (3)) were purchased from Sigma-Aldrich (Munich, Germany). DiBAC 4 (3) was obtained from Molecular Probes (Eugene, USA).
Statistical significance
Data are presented as mean values ± SD of at least 3 independent experiments carried out on blood of different donors. The significance of differences was tested by Student's t-test. The values were taken as significantly different when p ≤ 0.05.
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Results
Measurements of the transmembrane potential of human RBCs in physiological solution (HPS) using the potential-sensitive fluorescent dye DiBAC 4 (3) resulted in a value of -13.8 ± 5.6 mV (n = 6). It was constant over 30 min. The corresponding fluorescence intensities can be seen in Fig. 1 , the potential values were converted from calibration measurements using valinomycin at various extracellular KCl concentrations. One typical single calibration curve is presented in Fig. 2 . The obtained value for the transmembrane potential is in agreement with literature data (e.g. [23] [24] [25] ). When the RBCs are transferred into a LIS medium, the fluorescence intensity increased significantly and continuously declined back close to the value estimated for physiological solution in about 30 min. This means that the transmembrane potential raised to positive values (much higher than +10 mV, estimated from calibration with valinomycin) with a following continuous decrease. The isosmotic LIS medium contained 250 mM sucrose. However, under this condition, it is known that the RBCs shrink [9] . To avoid a possible volume effect, comparable measurements were carried out with RBCs in a LIS solution with reduced osmolarity (200 mM instead of 250 mM sucrose). Under this condition, the cell volume in LIS solution at the beginning of the experiment is about the same like in physiological solution [1, 9] . As one can see from To investigate to what extent the transmembrane potential in LIS solution is changed the CCCP method was used. Experiments were carried out to prove the validity of the method. The results are shown in Fig. 3 . In physiological solution (HIS, control experiments) the transmembrane potential was estimated at -10.2 ± 2.1 mV (n = 3) for human RBCs. The situation changed when the RBCs were transferred in LIS solution (containing 250 mM sucrose) immediately before the start of the pH recording. From 6 independent experiments with human RBCs an initial transmembrane potential value of 73.0 ± 14.5 mV was estimated. The final equilibrium value of -7.3 ± 7.4 mV was reached after 65.8 ± 19.7 min (n = 6). One representative experiment for human RBC measurements in HIS and LIS solution containing 250 mM sucrose is shown in Fig. 4 . The same experiments were carried out in LIS solutions 
Discussion
The principal aim of the present work was to investigate the process of transmembrane potential change of human and bovine RBCs after the cells are transferred into a LIS medium. The transmembrane potential of RBCs of both species is about -10 mV under physiological conditions (Figs. 1, 4, 5) as expected from literature data [24] [25] [26] . It immediately increased to about +70 mV (for human RBCs) and +80 mV (for bovine RBCs) after the cells were put into a LIS solution (Figs. 4, 5 ). This value is close to the Cl -equilibrium value. Taking into consideration for human RBCs an extracellular KCl concentration of 7.5 mM (see Methods) and an intracellular (Na
and Cl -concentration of 150 mM and 77 mM [19] , respectively, a transmembrane potential of +57 mV can be inferred if a 100-fold higher membrane permeability for Cl -compared to Na + and K + is assumed (see [1] ). As can be seen from measurements of the fluorescence intensities of the potentialsensitive fluorescent dye DiBAC 4 (3) (Fig. 1) as well as from the measurements using the CCCP method (Fig. 4) , the new Cl -equilibrium potential value (maximum value) of human RBCs in LIS media immediately starts to decline and reaches its original value at a new equilibrium state in about 30 -60 min. Such behaviour is in agreement with earlier findings of our group. We were able to demonstrate that the intracellular pH is increased immediately from 7.2 in physiological solution to about 7.7 after the cells were transferred into a LIS solution followed by a slower process of cell acidification [12] . The time interval of the process of intracellular pH reduction is comparable with the change of the transmembrane potential (cf. Fig. 1 of the present paper with Fig. 1 in [12] ). In addition, it was shown that the RBCs reduce their intracellular Cl -content by about 70% within seconds after transferring the cells into a LIS medium [12] .
From these findings it is evident that there is no new equilibrium state immediately after the cells are transferred into a LIS medium. For human RBCs it will be reached only after 30 -60 min and the final transmembrane potential will be nearly the same as compared to the situation in physiological solution. The differences in the declining process of the transmembrane potential of RBCs in buffered (DiBAC 4 (3) experiments) and unbuffered (CCCP method) LIS media can be explained taking into consideration that under unbuffered extracellular conditions the buffer capacity of haemoglobin leads to a slowdown of the H + exchanger in the membrane of bovine RBCs [16] . It was shown that the decrease of the intracellular pH of bovine RBCs in LIS solution after the maximum is reached declines significantly lower compared to human RBCs [16] . In addition, one has to take into consideration that the intracellular K + concentration of bovine RBCs is different from human once. It was shown that bovine RBCs change from high potassium (HK) type after birth of the animals to low potassium (LK) type as the animals age [27] . The K + content decreases to about 25 -30 mM [27] . Later the existence of two types of populations of RBCs of bovine RBCs (LK and HK type) was demonstrated [28] . For 7 different breeds of cattle the majority of the animals are belonging to the LK type (90 -100% [29] . To our knowledge, it has never been investigated whether the NSVDC channel is present in bovine RBCs. However, it is evident that because of the low intracellular K + concentration in the majority of bovine RBCs, the K + loss even in the presence of the NSVDC channel in these cells would be much lower compared to human RBCs.
Conclusion
The transmembrane potential of human and bovine RBCs is continuously decreasing after the maximum value is reached immediately after the cells are transferred in LIS solution. This process is relatively fast for human RBCs and occurs in about 30 -60 min. It is significantly slower for bovine RBCs. After 30 min the transmembrane potential of bovine RBCs in LIS solution is still at high positive values. Therefore, investigations of parameters of RBCs like shape depending on transmembrane potential (e.g. [17] ) cannot be performed with human RBCs in LIS media. This is especially the case if the time of analysis (e.g. microscopic cell counting) is a long-lasting process. Bovine RBCs would be preferential but also in this case it has to be taken into consideration that no constant transmembrane potential is reached after the cells are transferred into a LIS solution.
